Abstract. Cadmium is a biologically non-essential divalent hazardous metal. Previous studies demonstrated that cadmium toxic effect was caused by reactive oxygen species. Since gene expression is influenced by the presence of these reactive oxygen species, the association between metal intoxication and gene expression has recently become a major focus of research. We examined the effect of cadmium chloride on cell viability at 4, 8 and 24 h. Our results indicate that cadmium chloride did not alter cell viability at 4 or 8 h, but decreased the viability in a dose-dependent manner (p>0.01) at 24 h. Using DNA microarray, we studied the profile of stress gene expression in rat primary hepatocytes treated with cadmium for different time periods using a 100 μM cadmium chloride concentration. Microarray analysis indicated that cadmium treatment caused different patterns of gene expression profiles at each time point of incubation. Of the 207 stress genes on the microarray, only 32 genes were regulated. Since microarrays were hybridized by radioactive cDNA which was less sensitive than fluorescent-labeled cDNA, an experimental/control ratio >1.3 or <0.7 (30% increase or decrease) was taken as significant up-or down-regulation. Exposure of cells to cadmium for 4 h resulted in the expression of three up-regulated genes and six down-regulated genes. Longer exposure to cadmium for 8 h resulted in an increase in up-regulated genes to six and down-regulated genes to 14. After 24 h of cadmium exposure, 15 genes were down-regulated and six genes were up-regulated. Our findings suggest that the cells maintained complete viability up to 8 h with cadmium due to expression of various heat shock proteins and stress response proteins like heme oxygenase. Longer exposure periods, due to the down-regulation of the basic cell function proteins and cell-cycle regulating proteins, led to toxicity in cells and eventually to cell death.
Introduction
Cadmium is the seventh hazardous heavy metal listed by the Agency of Toxic Substances and Disease Registry (1) . It is also classified by IARC as a group I carcinogen for humans (2) . It is an immunotoxicant causing damage to both humoral and cell-mediated immunity (3, 4) . Cadmium is present in cigarette smoke and in certain environmental conditions. It enters the human food chain through crops grown in soil treated with cadmium contaminated phosphate fertilizers, and sewage sludge (5, 6) . It is used in electroplating and the manufacture of batteries, plastics, paints, alloys and fertilizers. It is also generated as a by-product in the mining of lead, copper and zinc. Cadmium accumulates in many organs such as kidney, liver, lung, testis, brain and bone (7) and causes cancer in those organs (7, 8) .
DNA microarrays are the most powerful and reliable tools for monitoring the expression of thousands of genes simultaneously in a shorter time period (9) (10) (11) . DNA arrays are used extensively in drug discovery and development (12) , in identifying changes in gene expression associated with various disease processes, and screening populations for allelic variants (13) (14) (15) (16) . There is increasing interest in the use of arrays in toxicology to study the expression profiles of genes after exposure to a toxicant (17) (18) (19) . Recently, microarray analysis studies with cadmium were reported in plants (20) (21) (22) (23) , mice (24, 25) , rats (26) , and human cells or cell lines (27) (28) (29) (30) (31) . Earlier we reported the response of antioxidant enzymes and redox metabolites to cadmium-induced oxidative stress in CRL-1439 normal rat liver cells (32) . We also reported the effect of cadmium-induced oxidative stress on antioxidative enzymes in mitochondria and cytoplasm of CRL-1439 normal rat liver cells (33) . In this study, we examined the effect of cadmium chloride on cell viability of CRL-1439 normal rat liver cells at 4, 8 and 24 h at different concentrations (0-175 μM). We also reporting the rat stress microarray expression profiles of CRL-1439 normal rat liver cells exposed to 100 μM cadmium chloride for 4, 8 and 24 h, respectively. Maintenance of cell line. Rat normal liver epithelial cell line (CRL-1439) was purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA) at the passage number 17 stage. The frozen cells were thawed rapidly within 1 min at 37˚C, transferred into T-75 culture flasks and maintained according to ATCC instructions. The cells were grown as monolayer cultures in F12K medium containing 100 U ml -1 of penicillin, 100 μg ml -1 of streptomycin, 2 mM glutamine and 10% fetal bovine serum (FBS) in T-75 flasks at 37˚C in a 5% CO 2 incubator. When the cells were ~85% confluent, they were sub-cultured by treating with trypsin (0.25%). Cell counts and cell viability were assessed by using 0.4% trypan blue stain on a hemocytometer under light microscope. Dyestained cells (blue) were counted as dead cells, while dyeexcluded cells were counted as viable cells. Cells were diluted in the media and then seeded in culture plates for the experiments.
Materials and methods

Chemicals
Treatment of cells with cadmium.
The cytotoxic effect of cadmium was studied in polystyrene, flat-bottom 24-well culture plates. For this purpose, cells were plated at an initial density of 10x10 4 cells in each well in a final volume of 990 μl complete medium and allowed to stabilize overnight in a CO 2 incubator at 37˚C. Next day, the cells were treated with concentrations of CdCl 2 (25, 50, 75 , 100, 125, 150 and 175 μM) in triplicate wells. Sterile distilled water or medium was added to the control wells. The test and control wells were always in the same 24-well plates. The plates were covered and incubated for 4, 8 or 24 h continuously. All studies were repeated independently at least twice (n=6).
Evaluation of cytotoxicity of cadmium. At the end of each incubation period, the cytotoxicity of cadmium was evaluated by dye-uptake assay using crystal violet (34) . Briefly, at the end of the incubation, 400 μl of 0.25% glutaraldehyde in H 2 O was added to each well and incubated for 30 min at room temperature to fix the cells. The plates were washed under tap water and dried under airflow inside the laminar hood for 5-10 min. Four hundred microliters of 0.1% crystal violet in H 2 O were added to each well, incubated for 15 min, washed with tap water, and dried at room temperature. Later, 400 μl of 0.05 M sodium phosphate solution in 50% ethyl alcohol was added to each well to solubilize the dye, and the plates were read at 540 nm in a plate reader. The average absorbance values of controls were taken as 100% cell viability. From ED 50 determination. Since the cell viability in the present study was not affected significantly at 4-and 8-h exposure periods with various concentrations of cadmium, the data obtained at 24 h of treatment was utilized for plotting graphs between the concentration of cadmium on the x-axis and the percent cell population (both viability and dead) on the yaxis. The graphs were plotted using the GraphPad Prism Software, version 3.00 (San Diego, CA, USA). The effective dose of cadmium that killed 50% cells (ED 50 ) was calculated from the graph as the point where both curves intersected (35) .
Statistical analysis.
The viability results were presented as mean ± SD (n=6). The data were analyzed for significance by one-way ANOVA, and then compared by Dunnett's multiple comparison tests, using GraphPad Prism Software, version 3.00. The test value p<0.01 was considered a highly significant comparison to the respective untreated control.
Treatment with cadmium, isolation of total RNA and cDNA microarray analysis. Approximately 1.3x10 6 cells in T-25 flasks were used for total RNA extraction. The cells in triplicate flasks were treated with 0 or 100 μM CdCl 2 and incubated for 4, 8 or 24 h at 37˚C in a 5% CO 2 incubator. After incubation periods, the cells in the flasks were trypsinized, pooled together and pelleted by centrifugation at 2,000 rpm for 10 min. The total RNA from the pooled cells was isolated by using TRIzol according to the manufacturer's instructions. The stable cDNAs were prepared and labeled from the total RNA by BD BioSciences cDNA kit using [α-
32 P]-dATP. The Clontech Atlas microarrays containing 207 rat stress genes were probed according to the manufacturer's instructions. Briefly, 5 μg of total RNA was converted to 32 Plabeled cDNA probes using MuLV reverse transcriptase and [α-
32 P]-dATP with the Clontech Atlas cDNA synthesis primers. The [ 32 P]-labeled cDNA probes were purified with NucleoSpin Columns (Clontech) and denatured at 100˚C for 5 min before adding into a hybridization bag. The microarray membranes were prehybridized with Expresshyb hybridization solution for 2 h at 68˚C followed by overnight hybridization at 68˚C with the [ 32 P]-labeled cDNA probes. The membranes were washed twice with 2X SSC + 1% SDS at 68˚C for 30 min each, and once with 0.5X SSC + 0.5% SDS at room temperature for 30 min. The membranes were exposed to X-ray film at -70˚C for seven days and developed in an automatic X-ray developer. The films were scanned with the scanner, and density of the dots was measured for up-regulated or down-regulated genes by using AtlasImage 2.7 software (BD Biosciences).
Results
Cell viability. The toxic nature of cadmium at different concentrations was evaluated against various cell cultures in earlier studies (36, 37) . However, the effect of cadmium on cell viability of rat normal hepatocytes at different concentrations for different time periods had not been previously tested. Therefore, we studied the cadmium dose response on cell viability after 4, 8 or 24 h in this cell line. For this purpose, a total of seven different concentrations of cadmium, 25, 50, 75, 100, 125, 150 and 175 μM, were tested and cell viability was assessed by crystal violet dye staining method. This method is simple and reproducible as reported earlier (34, 38) . As per this method, the intensity of violet color is proportional to the number of live cells. Notably, cell viability was not affected at any concentration of cadmium up to 8 h of incubation ( Fig. 1) . However, after 24 h of exposure, cadmium displayed a gradual increase in toxicity from 25 μM onwards in a dose-dependent manner (p<0.01, Fig. 1 ). The ED 50 value at this time point was determined to be 125 μM (Fig 1b) . Since our objective was to study the effect of cadmium on gene expression where it shows medium toxicity, we selected the 100 μM cadmium concentration for microarray analysis at different time points.
Microarray analysis. To study the expression profiles of cadmium-induced stress genes, rat normal hepatocytes were exposed to a fixed concentration of 100 μM cadmium for 4, 8 or 24 h. This concentration was selected based upon results of our previous (32) and present studies. While the total number of genes regulated in this study is summarized in Table I , the up-or down-regulated genes are shown separately in Tables II-VII. It is notable that the number of downregulated genes was greater than the up-regulated genes at all time points upon exposure to cadmium. Since most of the down-regulated genes account for such basic cell functions as transcription, translation, and cell-cycle, their down-regulation may explain the toxic effect of cadmium on these cells.
Gene regulation with cadmium exposure
Up-regulated genes. Out of 207 stress genes on the array, a total of nine genes were up-regulated during a 24-h exposure with cadmium at 100 μM concentration. After 4 h, only three genes were up-regulated (Table II) . These were heme oxygenase-1 (HO-1), heat shock 27 KD protein 1, and heat shock 70-1 (hsp 70-1). After an 8-h exposure, in addition to the above three genes, three new genes were up-regulated (Table III) . These were heat shock 10 KD protein 1, diaphorase (NADH/NADPH), and stress-induced phosphoprotein 1. After 24 h, in addition to the three genes up-regulated after a 4-h exposure, three new genes were up-regulated (Table IV) . These were tumor rejection antigen (gp96)1, DNA J-like protein, and heat shock 70 KD protein 5.
Down-regulated genes. Out of 207 stress genes on the array, a total of 23 genes were down-regulated during a 24-h exposure with cadmium at 100 μM concentration. After 4 h of exposure, six genes were down-regulated (Table V) . These were glutathione-S-transferase mu type 2 (Yb2), nucleoside diphosphate kinase, inhibitor of DNA binding 3, cyclin D3, glucose regulated protein 58 KD, and microsomal glutathione S-transferase. After 8 h of exposure, in addition to three of the above-mentioned genes (glutathione-S-transferase mu type 2 (Yb2), cyclin D3 and inhibitor of DNA binding 3), 11 new genes (total 14 genes) were down-regulated (Table VI) . These were vimentin, Finkel-Biskis-Reilly murine sarcoma virus, inhibitors of DNA binding 1 and 2, glutathione peroxidase 1, high mobility group box 2, cyclin-dependent kinase inhibitor 1 B (P27, Kip 1), heterogeneous nuclear ribonucleoprotein K, cell cycle protein p55CDC, cyclin D1, and proliferating cell nuclear antigen.
After 24 h of cadmium treatment, in addition to three genes from the 4-h exposure [i.e. glutathione-S-transferase mu type 2 (Yb2), inhibitor of DNA binding 3, cyclin D3] and five genes from the 8-h exposure [i.e. glutathione peroxidase 1, high mobility group box 2, cyclin-dependent kinase inhibitor 1B (P27, Kip 1), inhibitor of DNA binding 1, and heterogeneous nuclear ribonucleoprotein K] seven new genes (total 15 genes) were down-regulated (Table VII) . These were mitogen activated protein kinase 1, T-complex protein 1 eta subunit, structure specific recognition protein 1, amphiphysin, cyclin-dependent kinase 4, diaphorase, and prothymosin α.
Discussion
Cadmium is a non-essential metal which is retained in the liver with a half-life exceeding 20 years in humans and thus shown to have a marked impact on health. As the liver is one of the major organs that are susceptible to cadmium toxicity, Table I . The number of genes regulated on the array at each time point, after incubation with cadmium.
in the present study, we used normal rat hepatocytes as a model system to evaluate cell viability and the response of various stress-related genes by microarray technique.
The data obtained from this study indicate that cadmium is toxic to normal rat liver cells with an ED 50 of 125 μM after 24 h of exposure. This value seems to be higher than the earlier reported value on a human hepatoma (HepG2) cell line, where the ED 50 ranged between 18-26 μM (39) at 24 h of incubation. One of the reasons for this significant variation in ED 50 values may be due to differences in species (rat or human) and the nature of cell cultures (normal or cancerous) employed for cytotoxic studies. The seeding density of cells in culture plates also influences the cytotoxic results (40) , but in this case it is unlikely that this is the cause of ED 50 variation as the number of cells plated in our viability studies was almost the same (10,500 cells/cm 2 ) as that of the earlier study (10,000 cells/cm 2 ) with a human hepatoma cell line (39) . To some extent the variation in ED 50 values may also depend upon assay method employed for cytotoxic assessment. From analysis of other studies, it appears that methodology may be one of the possible reasons for ED 50 variation in our study.
For example, we employed a crystal violet dye binding viability method as against the MTT method employed by Urani et al (39) . Indeed, the significance of assay methods with regard to different ED 50 values was also clearly demonstrated in the same study. The authors evaluated the cytotoxic effect of cadmium on HepG2 cells after 24 h, with two different methods MTT and protein concentration measurement, and the IC 50 values were determined to be 25.5 and 18.38 μM, respectively (39) . Therefore, the significant difference in these values clearly proves that ED 50 , or IC 50 or LC 50 values, apart from other factors, also depend significantly on the method of assessment of cell viability. For the same reasons discussed above, the ED 50 value (125 μM) in our study also significantly differed from that of the previous study (39) . The 100 μM cadmium concentration used in our study was taken as an optimal dose for microarray analysis depending on our previous (32) and present viability assay results.
In addition to dose-response toxicity study, we also investigated time course in order to pinpoint the onset of cadmium toxicity. Interestingly 4-or 8-h exposures did not alter cell viability (Fig. 1) , which may indicate the self-protection of Table IV . Up-regulated genes in rat normal liver cells at 24 h of 100 μM cadmium exposure. Table III . Up-regulated genes in rat normal liver cells at 8 h of 100 μM cadmium exposure.
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Gene name Average intensity in Average intensity in Ratio on array control array experimental array ----------------------------------------------------------------------------------------------------- the cells by antioxidative enzymes and other molecules such as metallothioneins and stress-related proteins.
Gene expression profiles with cadmium exposure at different time points had not yet been investigated in a liver cell line. Hence, we evaluated the pattern of stress gene expression with cadmium exposure after 4, 8 or 24 h on normal rat liver cultured CRL-1439 cells. While cadmium concentration below 100 μM would have resulted in a minimum response in various gene expression profiles, concentrations above 100 μM would have resulted in the downregulation of many genes due to significant cell population death by severe cadmium toxicity. Therefore, a 100 μM cadmium concentration was used for stress gene DNA microarray analysis at different time periods on the cultured liver cells. The nylon membrane used in this study contained a highly focused set of 207 genes coding for various stress proteins and hybridized by radioactive cDNAs. Radioactivelabeled cDNA hybridization is less sensitive than fluorescentlabeled cDNA hybridization. Thus an experimental/control ratio >1.3 or <0.7 was taken to indicate significant up-or down-regulation of genes (equal to 30%). Out of 207 genes analyzed, a maximum of 32 genes (~15%) were regulated upon exposure to cadmium. The remaining 175 genes (~85%) were not regulated in the control or cadmium-exposed cells. Non-regulation of these genes may indicate that 85% of genes were not expressed significantly in normal rat liver CRL-1439 cell line. The total number of genes up-and downregulated by 100 μM cadmium over 24 h were nine (~4%) and 23 (~11%), respectively, where gene expression profile after each time period showed its own pattern of regulation.
The up-regulation of several stress-related genes after a 4-h exposure with cadmium indicates that the cells were under stress, presumably due to ROS production as reported earlier (32, 33) . With the increase of exposure time to 8 h, in addition to previous genes up-regulated at 4 h (Table II) , a new set of three genes were up-regulated (Table III) . This may further demonstrate an increased stress on cells compared to that at a 4-h exposure to cadmium. At this point, however, cell viability was not compromised, as shown in Fig. 1 . After a 24-h exposure, no change in the number of up-regulated genes implies compromization of cell viability due to severe stress conditions which led to cell death.
Interestingly, three genes [hemeoxygenase-1 (HO-1), heat shock HSP 27 protein-1 and heat shock 70-1] were upregulated at 4 h of treatment and remained so up to 24 h. Since these genes are associated with cellular stress response, the up-regulation of these genes due to cadmium treatment clearly indicates that the cells were under severe stress due to free radical generation. These results are consistent with our earlier studies (32, 33) , where anti-oxidant enzyme level changes were reported. As it is widely known, heat shock proteins respond to a variety of stress conditions, and act as chaperones. These proteins bind and stabilize proteins which are in the process of folding or assembly in the cells and thereby protect the cells from damage. Earlier it was shown that HO-1 was induced in cells under oxidative stress due to exposure to heavy metals like cadmium (41) , by the process of free radical generation. The expression of HO-1 at all incubation periods with cadmium treatment (E7 , Tables III-V) in our study, confirms the above observations. Notably, three genes [glutathione S-transferase mu type 2 (Yb2), inhibitor of DNA binding 3, cyclin D3] were downregulated after 4 h of treatment and remained so up to 24 h. In a similar way, five genes (glutathione peroxidase 1, high mobility group box 2, heterogeneous nuclear ribonucleoprotein K, cyclin-dependent kinase inhibitor 1B, inhibitor of DNA binding 1) were down-regulated after 8 h of treatment and remained so up to 24 h. In our earlier study (32) the glutathione peroxidase (GPx) activity was found decreased after 24 h of exposure to cadmium at 100 μM in normal rat liver cells. In the present study, DNA microarray demonstrated the down-regulation of GPx within 8 h of treatment with cadmium (C18, Table VI), indicating that gene expression was affected earlier than at the protein level (enzyme activity) due to cadmium exposure.
The genes that were down-regulated were mainly basic cell function genes which help in replication, transcription and translation, cell-cycle regulating genes and other stressresponse genes. The basic cell function genes that were downregulated were genes for inhibitor of DNA binding 1, 2 and 3, glucose regulated protein 58 KD, protein disulfide isomerase related protein, high mobility group box 2, nucleoside diphosphate kinase, heterogeneous nuclear ribonucleoprotein K and proliferating cell nuclear antigen. Recently, it was shown that cadmium treatment reduced the expression of translation initiation factor 4E in a battery of human cell lines (41) . This factor was shown to be the cause of toxicity and cell death by cadmium chloride. Another group showed that cadmium treatment decreased the replicative and repair DNA synthesis in CHO cells (42) . Cell-cycle regulating genes that were down-regulated were cyclin D1 and D3, cyclin-dependent kinase 4, and cyclin-dependent kinase inhibitor 1B. Recently it was shown that cadmium down-regulated cyclin-dependent kinases, Cdk-1 and 2 in rat kidney epithelial cells (26) . The other stress protein genes that were down-regulated included vimentin, glutathione peroxidase 1, mitogen activated protein kinase 3, microsomal glutathione S-transferase and glutathione S-transferase mu type 2 (Yb2). Vimentin is primarily concerned with cell elongation and attachment. Its gradual downregulation in this study from the beginning of cadmium treatment indicates that the cells were in the process of detachment due to oxidative stress. This, however, did not affect cell viability up to 8 h of cadmium exposure (M6, Table VI) due to protection from the high expression level of various heat shock proteins from the beginning, as shown in Tables II and III. In conclusion, the cells maintained complete viability up to 8 hours with cadmium due to the expression of various heat shock proteins and stress-response proteins like heme oxygenase. With longer exposure periods, due to the downregulation of the basic cell function proteins and cell-cycle regulating proteins, the cells showed toxicity and eventually died. Microarray analysis indicated that cadmium treatment caused a different pattern of gene expression profile at each time period.
